Guild SJ, McBryde FD, Malpas SC. Recording of intracranial pressure in conscious rats via telemetry. J Appl Physiol 119: [576][577][578][579][580][581] 2015. First published July 9, 2015; doi:10.1152/japplphysiol.00165.2015.-Although cerebral perfusion pressure (CPP) is known to be fundamental in the control of normal brain function, there have been no previous long-term measurements in animal models. The aim of this study was to explore the stability and viability of long-term recordings of intracranial pressure (ICP) in freely moving rats via a telemetry device. We also developed a repeatable surgical approach with a solid-state pressure sensor at the tip of the catheter placed under the dura and in combination with arterial pressure (AP) measurement to enable the calculation of CPP. Telemeters with dual pressure catheters were implanted in Wistar rats to measure ICP and AP. We found that the signals were stable throughout the 28-day recording period with an average ICP value of 6 Ϯ 0.8 mmHg. Significant light-dark differences were found in AP (3.1 Ϯ 2.7 mmHg, P ϭ 0.02) and HR (58 Ϯ 12 beats/min, P ϭ 0.003), but not ICP (0.3 Ϯ 0.2 mmHg, P Ͼ0.05) or CPP (2.6 Ϯ 2.8 mmHg, P Ͼ 0.05). Use of kaolin to induce hydrocephalus in several rats demonstrates the ability to measure changes in ICP throughout disease progression, validating this new solution for chronic measurement of ICP, CPP, and AP in conscious rats. intracranial pressure; ICP; telemetry THE REGULATION of intracranial pressure (ICP) and cerebral perfusion pressure (CPP) is fundamental in providing a stable environment to enable normal brain function. Considerable clinical effort is focused on acutely restoring ICP after head trauma and stroke, or chronically relieving high ICP in hydrocephalus. Additionally, there is growing interest in understanding the dynamic and steady-state relationship between arterial pressure (AP) and ICP chronically (4, 12, 19) with an emerging hypothesis that resting levels of ICP, oxygen, and brain blood flow may be important determinants of long-term arterial pressure levels via the sympathetic nervous system (13). In the human setting, our knowledge of the normal regulation of ICP is very limited, as there have been no recordings of ICP in healthy individuals uncomplicated by trauma or chronic illness. Thus an animal model permitting the chronic measurement of ICP and blood pressure would lend itself to a range of applications. A small animal, such as the rat, offers a number of advantages over larger animals, e.g., space, cost, and availability. However, it also poses a number of challenges, e.g., small brain size and marked postural changes during activity. Although previously there have been attempts to record ICP in freely moving rats, most have relied on tethering systems (3, 5, 6, 9, 15, 20) , with the attendant issues including infection and cables. The alternate approach has been telemetry. In the past, telemetric devices have used a fluid-filled catheter connected to a pressure sensor which is in the body of the telemeter (8, 17). These devices are very susceptible to small changes in pressure if there is a difference in height between the tip of the catheter and the pressure sensor in the telemeter body (17). Given normal ICP values are less than 10 mmHg, such variations in height can have a substantial impact on the collected data. In addition, these devices have not also measured arterial pressure at the same time which is fundamental to the calculation of cerebral perfusion pressure. Thus, currently, cerebral perfusion pressure has never been measured continuously over extended time periods (weeks). Such knowledge would provide the basis for analysis of the dynamic and steady-state interactions between the signals in disease development or brain injury.
THE REGULATION of intracranial pressure (ICP) and cerebral perfusion pressure (CPP) is fundamental in providing a stable environment to enable normal brain function. Considerable clinical effort is focused on acutely restoring ICP after head trauma and stroke, or chronically relieving high ICP in hydrocephalus. Additionally, there is growing interest in understanding the dynamic and steady-state relationship between arterial pressure (AP) and ICP chronically (4, 12, 19) with an emerging hypothesis that resting levels of ICP, oxygen, and brain blood flow may be important determinants of long-term arterial pressure levels via the sympathetic nervous system (13) . In the human setting, our knowledge of the normal regulation of ICP is very limited, as there have been no recordings of ICP in healthy individuals uncomplicated by trauma or chronic illness. Thus an animal model permitting the chronic measurement of ICP and blood pressure would lend itself to a range of applications. A small animal, such as the rat, offers a number of advantages over larger animals, e.g., space, cost, and availability. However, it also poses a number of challenges, e.g., small brain size and marked postural changes during activity. Although previously there have been attempts to record ICP in freely moving rats, most have relied on tethering systems (3, 5, 6, 9, 15, 20) , with the attendant issues including infection and cables. The alternate approach has been telemetry. In the past, telemetric devices have used a fluid-filled catheter connected to a pressure sensor which is in the body of the telemeter (8, 17) . These devices are very susceptible to small changes in pressure if there is a difference in height between the tip of the catheter and the pressure sensor in the telemeter body (17) . Given normal ICP values are less than 10 mmHg, such variations in height can have a substantial impact on the collected data. In addition, these devices have not also measured arterial pressure at the same time which is fundamental to the calculation of cerebral perfusion pressure. Thus, currently, cerebral perfusion pressure has never been measured continuously over extended time periods (weeks). Such knowledge would provide the basis for analysis of the dynamic and steady-state interactions between the signals in disease development or brain injury.
The aim of this study was to explore the stability and viability of long-term measurement of ICP by using a telemetry device with a solid-state pressure sensor at the tip of the catheter and to combine this with arterial pressure measurement to enable the calculation of cerebral perfusion pressure.
METHODS
All animal experiments were approved by the University of Auckland Ethics Committee. All animals were housed individually with food and water constantly available. Individual fluid and food intake was monitored daily. The room was kept at a constant temperature (22°C) during a 12-12 h dark-light cycle (lights on from 0600 to 1800 h). In total, 16 male Wistar rats with initial weights of 297 to 394 g underwent surgery to implant a telemetry device for the measurement of ICP and AP. The TRM54PP-2509 telemeter from Millar (Houston, TX) has two 2-Fr pressure catheters with solid-state pressure sensors at the end of the catheter. One catheter was 25 cm long for ICP measurement and the other catheter was 9 cm long for insertion into the abdominal aorta to monitor arterial pressure and heart rate. Before and after each use, the offsets or zero levels of the pressure sensors were checked under conditions to replicate use in the animal (sensor hydrated, turned on for Ͼ4 h, 38°C, and in the dark) as per the manufacturer's instructions. The mean absolute value of the offsets was 2.6 Ϯ 0.8 mmHg (n ϭ 14, 2 sensors in each of 7 rats), and the mean absolute difference between the offset before implantation and after explantation was 2.1 Ϯ 0.4 mmHg (n ϭ 14) over a mean implantation period of 43 Ϯ 5 days (n ϭ 7). For each sensor in each rat, preimplantation offset was subtracted from the collected data.
Surgery. Animals were initially anaesthetized by inhalation of 4% isoflurane in 2 liters/min O 2, followed by maintenance with 2% isoflurane. Antibiotic (Baytril, enrofloxacin; Bayer, Auckland, New Zealand) and analgesia (Temgesic, Buprenorphine; Reckitt Benckiser) were given subcutaneously before the beginning of surgery. All surgery was performed under aseptic conditions with sterile gloves, drapes, and instruments. The telemetry devices were sterilized with 2% gluteraldehyde solution for 2-4 h and then rinsed thoroughly with sterile saline before each use.
A midline incision was made in the skin of the abdomen, and the abdominal muscles were separated along the midline to gain access to the abdominal cavity. The abdominal aorta was separated from the vena cava just above the iliac bifurcation to allow a silk suture thread (4-0, Resorba, Germany) to be passed under the aorta. A second thread was placed under the aorta ϳ15 mm proximal to the first. Tension on these threads was used to briefly occlude blood flow through the aorta. The tip of a 23G needle was bent and used to make a hole in the aorta between the two threads and to use as a catheter introducer. The tip of the 9-cm pressure catheter was slid into the aorta and past the proximal thread to lie ϳ10 mm inside the aorta or just below the renal arteries. With blood flow still occluded, a small amount of tissue adhesive (Histoacryl, Enbucrilate; B. Braun, Germany) on the tip of a wooden swab stick, sharpened to a point with a scalpel blade, was used to seal the hole in the aorta around the catheter. Once the threads could be released without leakage they were removed and a small square (5 ϫ 5 mm) of surgical mesh (PETKM2002, SurgicalMesh; Textile Development Associates) was applied to lie over the insertion point. Small amounts of tissue adhesive were used to attach the mesh to both the catheter and tissue either side of the aorta. With the arterial pressure catheter in place, the body of the telemeter was inserted into the abdominal cavity and secured to the abdominal muscle wall with the telemeter suture tabs. The incision in the muscle layer was then sutured closed to leave the 25-cm catheter protruding from the middle of the suture line. The rats were rolled onto their right sides and a trocar (7 mm OD ϫ 20-cmlong stainless steel tube with beveled tip) was used to tunnel the catheter to the base of the skull. The abdominal skin incision was then closed with wound clips (11 ϫ 2 mm Michel clips, B. Braun, Germany) before placing the rat in a stereotaxic frame with 45°n onpuncturing ear bars (Braintree Scientific), with nose cone attachment (Harvard Apparatus) to stabilize the head for placement of the ICP catheter. The stereotaxic frame was used to hold the head of the rat steady with the top of the skull relatively horizontal but not at any precise angle.
To place the ICP catheter, the top of the skull was exposed via a midline incision. The connective tissue was scraped away from the skull and the bone was carefully cleaned with 15% hydrogen peroxide solution (30% hydrogen peroxide solution diluted in sterile saline; Applichem, Germany,) and rinsed well with sterile saline. For placement of the ICP catheter ( Fig. 1) , a hole was drilled through the parietal bone of the skull using a 1.4-mm bur bit (1RF 014, Meisinger, Germany) in a bone drill (No. 72-4951, Harvard Apparatus) on the stereotaxic frame manipulator arm. The position of this hole was not precise but chosen to avoid the sinus underlying the cranial sutures and to allow the tip of the catheter to be inserted anteriorly at least 7 mm. The posterior edge of the hole was beveled by moving the drill bit anteriorly and posteriorly a number of times to prevent a sharp bend when inserting the catheter. Before inserting the catheter, two smaller holes were made using a 0.9-mm drill bit (1RF 009, Meisinger, Germany), one either side of the catheter hole. Stainless steel screws (Part No. F00CE125, J.I. Morris) were screwed into these holes until they were secure but not flat to the skull or penetrating through to the brain surface.
With the screws in place, the catheter tip was inserted through the central hole to lie between the dura and the surface of the cortex. Gel Foam (Pfizer, Australia) was inserted around the catheter, a 5 ϫ 5 mm mesh patch was placed over the catheter insertion point, and tissue adhesive was used to seal around the catheter and secure the patch to the skull. The Gel Foam helped prevent the tissue adhesive from running into the hole in the skull. Dental impression material (Take 1 Advanced, Kerr) which cures to a rubber-like substance was applied to cover the catheter insertion point and screws (11) . The rubber cement was pressed down with the dampened wooden end of a swab stick to ensure good contact with the mesh patch and around the screws. Care was taken to make sure that the rubber cement was not built up too high so as not to stretch the skin when it was closed over it. The rubber cement was used in preference to the dental cement usually used for securing EEG electrodes because it could be more readily removed from around the catheter at the time of explantation, and thus the telemeter could be reused. Once the rubber cement had hardened, the skin incision was closed with silk subcutaneous sutures and individual interrupted sutures for extra security. After surgery, the animals were left to recover initially overnight in a heated recovery box before being placed in their cage, when recordings started. Postsurgery treatment with analgesia (Buprenorphine) continued for up to 2 days.
Technology and data acquisition. The battery of the implanted telemeter was charged by an inductive pad (2) placed under the home cage of the rat. This pad (TR181 SmartPad, Millar) also acted as a receiver for the ICP and AP signals. The received signals were sampled at 1 kHz with PowerLab and LabChart software (v8.0, ADInstruments, Sydney, Australia) (18) . Data were collected continuously for at least 28 days.
Kaolin-induced hydrocephalus. A subset of animals received a second short surgery to inject 30 l of either a 25% Kaolin suspension in saline or a sham injection of saline into the cisterna magna following the methods described by Li et al. (7) . The anesthetized rat was placed in the stereotaxic frame as for the placement of the ICP catheter. To give better access to the back of the neck, the nose of the rat was lowered, taking care not to restrict the anesthetic flow to the nose. A midline incision was made in the skin at the back of the neck taking care not to cut the underlying pressure catheter. The muscles and soft tissue were separated to expose the gap between the base of the skull and the first vertebrae. Upon visualization of the dura, the kaolin injection was made through a 30G needle bent at a 30°a ngle. The skin of the neck incision was closed with wound clips. Antibiotics and analgesia were applied as for the first surgery, and the rats were returned to their home cages and closely monitored for the next 24 to 48 h.
At the conclusion of the experiments all animals were euthanized with an overdose of sodium pentobarbital (150 mg ip), the telemeters were explanted, cleaned in an enzymatic detergent, and prepared and sterilized for reimplantation.
Statistical analysis. Statistical analysis was performed in GraphPad Prism (v6.01, GraphPad Software, CA). Separate comparisons were made by paired t-tests between day 7 and day 28 data to assess stability over time, and between control and the peak of the ICP response to kaolin. Significance was established at P Ͻ 0.05, and all data were reported as means Ϯ SE.
To calculate the light-dark difference, the averages of 5 min of data were taken on the hour across 5 days, light and dark averages were calculated for each of the seven rats, and comparison for the group made by a paired t-test. Values at 6 AM and 6 PM were excluded from the statistical analysis, as they occur on the transition periods between lights on/off.
RESULTS
Seven out of sixteen surgeries were considered successful. Failures resulted from poor perfusion of hind limbs after insertion of AP catheter (n ϭ 4), infection or opening of head (n ϭ 3), abdominal wounds (n ϭ 1), or the ICP catheter pulled back out of position (n ϭ 1). Most of these failures occurred early on as the surgical methods were being refined. Initially, total surgical time was up to 3 h, which may have contributed to the increase in hind limb ischemia complications. As we refined our surgical technique, the average surgical time for implantation of the telemeter decreased to ϳ1.5 h, with few complications. We also found that it was important to use only as much dental impression material as was needed to cover the catheter and screws. If too much was used and was built up too high, the skin was stretched over it and it was more likely for the rat to scratch the incision site. Postmortem examination of the ICP catheter position found them to be lying on top of the cortex except for one which was angled down and into the cortical tissue. Gross inspection of the brain tissue post-mortem did not show any signs of infection, bleeding, or other tissue damage in any of the rats except for the three that had superficial infection after opening their head sutures.
When the rats were resting quietly, the ICP waveform often showed a strong respiratory rhythm (Fig. 2A) . The amplitude of this variation was generally between 1 to 2 mmHg. Some variability of the signal was observed during animal movement. To check that the ICP signal responded to postural changes, the rats were briefly and lightly anesthetized before undergoing a head up or head down tilt of ϳ45°. As expected, the ICP signal decreased and increased slightly in response to a head up and head down tilt respectively (Fig. 2B) .
Daily averages of ICP, AP, and CPP were very stable across 28 days (Fig. 3) . Although this period was taken immediately after surgery, there was no apparent change in mean ICP levels. Paired t-tests show no significant difference between days 1, 7, and 28 for any of the variables (P Ͼ 0.05). The mean level of ICP for the group of animals was 6.0 Ϯ 0.8 mmHg, AP was 101.9 Ϯ 2.6 mmHg, and CPP was 95.4 Ϯ 2.2 mmHg (n ϭ 7). Because the low amplitude of the ICP signal, it is possible drift of the sensor in individual animals could cause a significant error in accuracy of the device. However, the individual recordings of ICP in each rat showed a high degree of stability over the 28 days (Fig. 3) . In each animal there was evidence of a significant light-dark difference in AP (3.1 Ϯ 2.7 mmHg, P ϭ 0.02) and HR (58 Ϯ 12 beats/min, P ϭ 0.003), but not ICP (0.3 Ϯ 0.2 mmHg, P Ͼ 0.05) or CPP (2.6 Ϯ 2.8 mmHg, P Ͼ 0.05) (n ϭ 7, Fig. 4) .
In three rats, injections of a kaolin suspension were used to induce an increase in ICP. ICP increased over the first 12-24 h after injection (Fig. 5A) . In two rats ICP returned toward baseline within 48 h of the injection, but in one rat the experiment was terminated early because of high levels of ICP (Ͼ40 mmHg). To check that the response was not simply due to the injection of fluid into the intracranial space, sham injections of saline were performed in two rats. There was no sustained effect of the sham injection on ICP in either of the two rats (Fig. 5B) . When ICP increased after kaolin, a cardiac oscillation developed on the ICP signal (Fig. 5C ) that was not present at baseline levels of ICP (Fig. 5D ). 
DISCUSSION
In this study, we investigated the use of a telemetry device with solid-state pressure sensors for chronically recording ICP and blood pressure in the conscious rat. We were able to develop a surgical approach that gave a highly repeatable recording of ICP. The values obtained were very stable in each animal over a 28-day period with no evidence of a light-dark difference in ICP. There are several significant advances presented with this technology. First, the solid-state sensor implanted directly in the cranial cavity allows for the absolute ICP value to be recorded without consideration to artifacts induced by height differences between the catheter and sensor. Second, the coupling of ICP with simultaneous blood pressure recordings allows calculation of cerebral perfusion pressure, a key functional signal. It does need to be noted, however, that this calculation of CPP does not take into account the effect of cerebral or jugular venous pressure. However, it gives a reasonable estimation, particularly in pathologies of increased ICP. Finally, the stability of these values over time provides confidence for using this approach for the exploration of novel treatment for head trauma, stroke, or hydrocephalus, all of which have established rat models.
A number of studies have previously attempted chronic measurements of ICP in conscious rats. The majority have relied on tethered systems with either fiber optic sensors (20) or fluid-filled catheters connected to a pressure transducer (3, 9, 15) . The others have used telemetry systems that use a fluidfilled catheter connected to a pressure transducer within the telemeter body (8, 17) . Our system provides a number of advantages over these previous attempts. First, the use of a telemeter with a solid-state pressure sensor at the tip means that it is not susceptible to changes in ICP induced by differences in the height of the pressure transducer and the tip of the fluid-filled catheter. With everyday changes in body position, for example, rearing up on hind legs for feeding or grooming, these effects could be considerable. Silasi et al. (17) constructed a holder for their telemetry device (PA-C10, Data Sciences) to attach it to the top of the skull. While small, the holder meant the telemetry module protruded above the skull, i.e., it was not fully implanted. Their initial attempts with the telemeter placed subcutaneously on the back of the neck reportedly suffered from movement artifact due to bending of the catheter with movement and the gravitational effects when the tips of the catheter moved vertically relative to the telemeter body. Mandel and Zimmerman (9) attempted to correct for gravitational changes by having a second fluid-filled catheter in their tether system. The tip of the second line was attached to the top of the skull and used to correct for vertical movements of the rat head. However, in addition to the other disadvantages of tethered systems (e.g., susceptibility to infection and restriction of animal movement), the cerebroventricular cannulas generally only remained viable for 2-3 wk. Chowdhury et al. (3) had more success with tethered recordings in Brown Norway rats out to 4 wk; however, when they attempted the same recordings in Sprague-Dawley rats they found that they could only record for up to 2 wk before the rats would dislodge the tether. Similarly, Lin and Liu (8) reported difficulties with the skin pocket around subcutaneous telemetry devices at 2 wk postsurgery. In our Wistar rats, we initially had issues with a few rats opening or scratching at their head wounds. However, once we reduced the amount of dental impression material so that the skin over the skull was not as stretched this was no longer an issue. We have also found previously that placement of our telemetry devices in the abdominal cavity prevents the skin problems associated with subcutaneous placement. This is a significant advantage of a fully implantable telemetry system as, once the skin incisions are healed, there are rarely issues with the wound sites.
While our approach differs slightly from previous attempts, the ICP values we recorded are consistent with those previously reported where the average ICP level is between 4 -7 mmHg (3, 8, 15, 17) . The respiratory oscillations we observed in the ICP signal are also considered to be a common feature of ICP recordings in both conscious and anesthetized rats (1, 9, 11) . The development of a cardiac oscillation when ICP increases after kaolin is consistent with previous reports in dogs (14) and rats (16) .
Long-term measurement of ICP is challenging from a technical perspective, as the low mean level (average 6 mmHg) means that even a small level of drift in the signal could lead to a substantial error in the measurement. While such drift could also occur for arterial pressure measurements, the scale and variability of the signal is likely to disguise drift, unless large. We observed that within the individual animals the ICP signal was very stable, giving us confidence that the telemetry technology was not associated with drift.
The use of a rat to study ICP has advantages in terms of the small size, ease of handling, cost, etc., but like all experimental models it has limitations. The small size of the rat skull means that even a small pressure transducer (0.6 mm at the tip) can seem relatively large. We did not perform a detailed histological investigation of the effect of the sensor on the surrounding brain tissue; however, gross observations post-mortem did not show any bleeding or obvious tissue damage. The subdural placement of the pressure sensor was chosen to try to limit possible damage to brain tissue. In one rat the catheter was found to be sloping down into the cortical tissue but the animal had not shown any overt negative responses, and ICP was successfully recorded for 51 days. Our ICP recording site was with the pressure sensor placed just under the dura and not into the parenchyma. Previously, ICP has been recorded in the lateral ventricles (3, 8, 9) , cisterna magna (3, 5) , epidurally (11, 17, 20) , or intraparenchymally (20) . Those studies that have compared between recording sites have reported no difference between intraparenchymal and epidural recordings (20) , or between cisterna magna and lateral ventricle recording sites (3) . While clinically it may be common for ICP to be measured by parenchymal placement of an ICP catheter, studies have shown that subdural placement is comparable to ventricular placement in terms of both the mean level and shape of the ICP waveform (10) . Our ability to record ICP and AP from the conscious rat living in its home cage opens up opportunities to investigate how the dynamics and mean level of ICP and cerebral perfusion pressure may change under normal conditions. Although it was not the focus of the study, we also showed how the technology was able to record the increase in ICP induced by an experimental model of hydrocephalus by using kaolin. We propose that this approach, technology, and resultant data provide the basis for exploring the control of brain perfusion and pressure in a range of clinical conditions.
